Physical Explanation of Coupled Cell-Cell Rotational Behavior and Interfacial Morphology: A Particle Dynamics Model  by Leong, Fong Yew
Biophysical Journal Volume 105 November 2013 2301–2311 2301Physical Explanation of Coupled Cell-Cell Rotational Behavior and
Interfacial Morphology: A Particle Dynamics ModelFong Yew Leong*
Department of Fluid Dynamics, A*STAR Institute of High Performance Computing, SingaporeABSTRACT Previous studies have reported persistent rotational behavior between adherent cell-cell pairs cultured on micro-
patterned substrates, and this rotation is often accompanied by a sigmoidal deflection of the cell-cell interface. Interestingly, the
cell-cell rotation runs in the opposite reference frame from what could be expected of single cell locomotion. Specifically, the
rotation of the cell pair consists of each individual cell protruding from the inwardly regressive arm of the cell-cell interface,
and retracting from the other outwardly protrusive arm. To this author’s knowledge, the cause of this elusive behavior has
not yet been clarified. Here, we propose a physical model based on particle dynamics, accounting for actomyosin forcing,
viscous dissipation, and cortical tension. The results show that a correlation in actomyosin force vectors leads to both persistent
rotational behavior and interfacial deflection in a simulated cell cluster. Significantly, the model, without any artificial cues, spon-
taneously and consistently reproduces the same rotational reference frame as experimentally observed. Further analyses show
that the interfacial deflection depends predominantly on cortical tension, whereas the cluster rotation depends predominantly on
actomyosin forcing. Together, these results corroborate the hypothesis that both rotational and morphological phenomena are,
in fact, physically coupled by an intracellular torque of a common origin.INTRODUCTIONRotational phenomena have attracted profound interest in
cellular and developmental biology, such as a recent dis-
covery of a coordinated rotational motion of epithelial cells
during morphogenesis of mammary acini (1) and a distinct
loss of such rotational behavior in cancer-derived cells (2).
Such rotations are known to be coherent and persistent,
and they are essential for the formation of the eventual
spherical geometry (1).
Similar collective rotational movements have been
observed and reported in other biological processes (3).
During Drosophila oogenesis, the follicular epithelium
enclosing the central germline, at a certain stage, rotates
relative to the overlaying basement membrane (4). Also
during Drosophila oogenesis, rotational or tumbling
behavior has been observed in collective migration of border
cells (5). Such three-dimensional rotational tendencies are,
in some ways, similar to the well-known cortical rotation
of the Xenopus egg (6) and cilia-driven rotation in Helisoma
embryos (7). In these examples, we see a common feature of
coherent and persistent angular changes during directed cell
migration. However, due to the complex interplay between
directed motion of individual cells and adhesion, it is diffi-
cult to identify the cause and effect of the underlying unbal-
anced torque, even with clear identification of individual
cells through imaging techniques (8).
Isolated cells plated on two-dimensional substrates are
not known to spontaneously undergo full-body rotation or
rotational migration. Nevertheless, rotational activity has
been found within an outwardly irrotational cell, likely aSubmitted July 16, 2013, and accepted for publication September 30, 2013.
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observations of nuclear rotation (10,11) are now interpreted
as the passive response of a suspended body to active
stresses in the flowing intracellular cytoplasm (12,13). Inter-
action between dynein and microtubules has been proposed
as the main mechanism of torque generation leading to
intracellular flows and thereby nuclear rotation in fibroblasts
(14). However, it is not clear how such intracellular flow
affects the cell motile as a whole and more importantly,
its role in rotational cell migration.
In micropatterned culture dishes (15), epithelial and
endothelial cells have been observed to undergo persistent
rotation around each other (16,17). In addition, these rota-
tional cell-cell pairs tend to self-organize in a stable pattern
with a sigmoid cell-cell interface, or what had been termed a
‘‘yin-yang pattern’’ (16). Such spontaneous breaking in
symmetry (18) into a sigmoidal cell-cell interface, coupled
with rotational behavior, can also be found in time-
lapse images or three-dimensional cell clusters, such as
Madin Darby Canine Kidney cell aggregates (see Marmaras
et al. (19)).
Is there a coupling relationship between the rotational
behavior of a cell cluster and its sigmoidal cell-cell inter-
face? Based on the accounts gathered from earlier experi-
ments (16,17,19), the direction of the rotation (clockwise
or anticlockwise) appears to be strongly correlated to the
reflection symmetry of the sigmoidal interface (S shape or
its reflected image). Specifically, the S-shape sigmoid
cluster rotates in the clockwise direction, whereas the
reflected S-shape image rotates in the opposite anticlock-
wise direction. The reader is referred to the excellent
time-series images presented by Huang et al. (17). This
apparent correlation suggests that a common underlyinghttp://dx.doi.org/10.1016/j.bpj.2013.09.051
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metry and cell-cell interfacial morphology.
The idea that cell rotation and interfacial morphology are
somehow linked also raises a conundrum in this interpreta-
tion of cell mobility. Typically, a single migratory cell
moves on a substrate by extending an outwards-directed
protrusion or retracting from the rear, whichever comes first
(20), using the associated biomechanical machinery to pro-
pel the cell in that direction of mobility (Fig. 1 a). If the
same can be said for a cell-cell pair on a micropatterned sub-
strate, then each cell within the pair would be pushing into
the convex arm of the cell-cell interface, and retracting from
the other concave arm, thereby creating a rotational synergy
in that direction. Instead, as pointed out previously, the cell-
cell pair does the exact opposite: pushing into what appears
to be a convex depressed arm and retracting from the other
side (Fig. 1 b). With that, the picturesque analogy of ‘‘two
persons trying to run while joined to each other by linking
each other’s right arm’’ (21), should be revisited, taking
into account the detailed coupling of stresses and torques
across the cell-cell interface. This view also underscores
fundamental differences between solitary cell migration
and collective cell migration (3).
In this article, we introduce a physical model to explain
the rotation phenomena of cell clusters and emergence of
sigmoidal cell interfaces, as observed with in vitro micropat-
terning experiments (16,17). Specifically, we apply dissipa-
tive mechanics to a particle model and examine the dynamic
response of model cells to force-generating cytoskeletal
filaments. We show that even with these minimal features,
how the proposed model is able to reproduce the dynamics
of rotating cells, the associated interfacial features, and their
relationship, is in agreement with experimental observa-
tions. We discuss and predict the types of rotational
behavior to be expected in different cell types and under
different conditions.MODEL
Particle dynamics
Here, particles are defined as material packages of biomol-
ecules including proteins and lipids, and solvent moleculesFIGURE 1 Schematic sketch compares a solitary cell migrating in the
direction of active protrusion (a), with a clockwise rotating cell-cell pair
with a sigmoidal interface (b), noting the direction of motion and the inter-
facial morphology. To see this figure in color, go online.
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assembly of such particles, cytoplasmic (C) particles con-
sisting of intracellular fluid, surrounded by single-layer
linked membrane (M) particles consisting of plasma
membrane and cortical biomolecules. It is assumed that
the plated cells are sufficiently motile that constraints due
to out-of-plane substrate adhesion can be neglected. All
particles have constant mass and obey Newton’s laws of
motion, so that the governing equation of motion can be
written as
mi€~xiðtÞ ¼
X
j
~F
C
ij ðtÞ þ~F
D
ij ðtÞ þ~F
A
ij ðtÞ þ~F
M
ij ðtÞ; (1)
where mi is the mass of particle i (referenced to unity),~xiðtÞ
and €~xiðtÞ are the position and acceleration vectors of particle
i, and t is time. ~F
C
ij ðtÞ is the conservative force, ~F
D
ij ðtÞ is the
viscous dissipative force,~F
A
ij ðtÞ is the actomyosin force, and
~F
M
ij ðtÞ is the membrane (or cortical) tension force applicable
to membrane (M) particle only.
This equation of motion is similar to the one used in a
mesoscopic particle method known as dissipative particle
dynamics (DPD) (22). The DPD method is traditionally
used to study complex fluids, such as colloidal suspensions
and polymeric solutions (23). More recent applications of
the method include physical modeling of biological sys-
tems, such as fusion of lipid bilayers (24) and dynamic
growth of tissues (25).
One key advantage of DPD over Langevin simulations is
that it accounts for not only background dissipation to the
environment, but also intracellular and intercellular dissipa-
tion (25). In some studies modeling particles as full cells
(e.g., Frascoli et al. (26) and Byrne and Drasdo (27)), the
overdamped assumption allows inertia to be neglected.
Here, the full DPD simulation allows us to follow the full
dynamic response to forcing at shorter length- and time-
scales, as a function of the dissipation force and not just
the overdamped limit. Also, unlike the cellular Potts model
(e.g., Doxzen et al. (28), Cziro´k et al. (29), and Kabla (30)),
which represents cells as connected patches of lattice sites
evolving toward a state with the minimum energy (31),
the particle dynamics model makes no assumption that indi-
vidual cellular dynamics is determined by some global
energy consideration.
The conservative force is a linearly elastic soft repulsion
applied between particles to simulate compressibility and is
given by
~F
C
ij ðtÞ ¼
8><
>:
kc

lc  dij
lc
br ij if dij <lc
0 if dijRlc;
(2)
where {i, j} ˛ {C, M, F} refers to all particles, kc is the
maximum repulsion force constant, and br ij ¼~rij=dij is the
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vector~rij ¼~xi ~xj and distance dij ¼ k~rijk. The term lc is
a cutoff distance within which particle interactions occur
and force contributions are applied consistently.
The dissipative force models the viscosity and friction
between moving particles, and is expressed as
~F
D
ij ðtÞ ¼
8>><
>:
kd

lc  dij
lc
2
~vij ,br ijbr ij if dij <lc
0 if dijRlc;
(3)
where {i, j}˛ {C,M, F} refers to all particles, kd is the dissi-
pative force constant, and~vij ¼~vi ~vj is the relative differ-
ence in velocities between particles i and j. This dissipative
force acts to damp particle velocities such that in the
absence of additional forcing, all particle motion will slow
down and eventually cease.Actomyosin forcing
We introduce a forcing term, one that arises from actomy-
osin activity and is applied locally within a cell. The global
random forcing term, commonly used for temperature con-
trol in atomistic simulations (22), is not of relevance and is
therefore omitted here. In this problem, we are more inter-
ested in modeling the physics of cell motility, i.e., as in
how cells migrate in a rotational manner, than microscopic
flows driven by active cytoskeleton (9). For cells adhering
on substrate, actin polymerization has been identified as
the main force-generating mechanism for cell protrusion
and locomotion (32). Actin depolymerizes at the pointed
end of the filament and profilin assembles free actin mono-
mers at the barbed end (33). This treadmilling process
produces a compressive force pushing against the cell mem-
brane, while the reactive recoil pushes the actin filaments
away (34). In conjunction, myosin motors apply contractile
stresses on the actin filaments, disengaging them from the
leading edge and pulling them inwards in a retrograde
flow (34).
In the context of the particle model, we propose the
following set of heuristics to describe the main features of
the acto-myosin dynamics:
1. If a free cytoplasmic (C) particle comes within a specific
engagement distance (taken as lc for simplicity) of a free
membrane (M) particle at any time step, an actin link is
created between these particles. Linked particles may
not form additional links with other particles while the
pair remains linked. This actin-membrane link re-
presents the physical interaction between the cell
membrane and the actively self-assembling F-actin
filament, which occurs due to the attachment of fila-
ments to actin-binding membrane proteins, or detached
filaments contacting the cell membrane during polymer-
ization (35).2. A constant actin polymerizing force ka is applied at any
time step to all linked particles in equal and opposite
directions,
~F
A
ij ¼ kabr ij; (4)
where {i, j} ˛ {C*, M*} applies between linked particle
pairs only. This actin polymerizing force is the result of
compressive stresses exerted by actin filaments pushing
against the membrane load, and by myosin contraction
near the cell boundary (35).
3. Whenever the distance between a linked pair is greater
than a specific disengagement distance, the actin link
between the particles is severed. These particles are
now free to form actin links with other particles. This
separation of actin from cell membrane represents the
commonly observed retrograde flow of actin at a distance
away from the cell boundaries. The retrograde flow
velocity is determined by the balance maintained among
the actin polymerizing force, the myosin contractility,
and the dissipation forces in the form of actin gel vis-
cosity and friction (36).
In this coarse-grained model, we have neglected finer mo-
lecular details, such as Arp2/3-promoted branching of actin
filament, and buckling and sliding of filaments. In exchange,
the model consists of rules that are computationally simple
to implement, but nevertheless incorporate fundamental
aspects of actin engagement and disengagement, as well
as forces exerted by polymerization (35).Cortical tension
Lastly, we consider the membrane (or cortical) tension
force, which maintains the integrity of the membrane layer,
effectively separating the intracellular components from the
external environment. We assume linearly elastic tension
between adjacent membrane (M) particles whose distance
exceeds the equilibrium distance (taken as initial distance
lm for simplicity). For membrane particles whose distances
are closer than the equilibrium distance, no compressive
force is applied due to sheet buckling, as
~F
M
ij ¼
8><
>>:
km

dij  lm
lc
br ij if dijRlm
0 if dij<lm;
(5)
where {i, j} ˛ { M**} applies to adjacent membrane parti-
cles only.Computation
The equations of motion are solved using a standard-
velocity Verlet algorithm (23) at a time step of 0.01, totalingBiophysical Journal 105(10) 2301–2311
2304 Leong1,000,000 time steps per run. Interparticle interactions are
tracked on linked lists and updated whenever cumulative
displacement exceeds half the interaction cutoff distance
(0.5 lc). Numerical calculations are implemented in
MATLAB scripts (The MathWorks, Natick, MA) and run
on an HP Linux Z820 workstation (Hewlett-Packard,
Burlington, CT).Model setup
The setup procedure involves few steps: To begin, we
initialize particles in a two-dimensional staggered array
(26  26) in a square box of unit dimensions (1  1).
Next, we equally space 240 membrane (M) particles along
the circumference of a circle of radius 0.42 at the box center.
These membrane particles are connected sequentially such
that each particle interacts with its adjacent neighbors. This
circle represents the initial boundary of the cell cluster. Par-
ticles found within the circle are designated as cytoplasmic
(C) particles, whereas those outside are fluid (F) particles.
To simulate two adhered cells with a tight cell-cell inter-
face, we divide the circle into two using a divider line
consisting of 60 equally spaced divider membrane (M)
particles, with two ends connected to the nearest existing
membrane particles on the circle. By using a fixed set of
particles shared by both cells, we assume that the cell-cell
adhesion along the interface is sufficiently strong to prevent
separation, and that any significant adhering or peeling at
the junction ends occurs at a longer timescale compared to
the simulation time frame. To avoid confusion due to poten-
tial actomyosin-induced polarization of the cell cluster, the
effect of actin link along the cell-cell interface is neglected.Biophysical Journal 105(10) 2301–2311Further studies show that the overall behavior of the cluster
is not significantly affected by the exclusion of actomyosin
forcing along the cell-cell interface.
In addition, to prevent excessive repulsion between
particles due to their close initial proximity, all other
particles that are within a specified overlap distance from
membrane (M) particles are removed. For consistency, the
overlap distance is chosen as the mean particle distance in
the original staggered grid setup.
Lastly, to simulate physical constraints on the cell due to
substrate micropatterning, all fluid (F) particles within the
interaction cutoff distance lc from the box-edge are effec-
tively frozen and remain static throughout the simulation.
Furthermore, any particle that crosses the cutoff distance
lc from the box edge at any time is specularly reflected.
This effectively prevents any part of the modeled cell
from extending beyond the boundary imposed by a square
micropatterned patch.
In summary, Fig. 2 shows a schematic diagram of the
model setup and the different types of particles used. The
accompanying diagrams provide definitions of measured
variables:
1. Cell rotation angle;
2. Interfacial deflection; and
3. Actin tilt (see Results and Discussion).Model parameters
Table 1 lists the model parameters used in this study, along
with the range of values used. We use the following refer-
ence for real units, namely, the length-scale L is referencedFIGURE 2 Schematic diagram of the model
setup and the different types of particles used
(top left). Companion illustrations provide defini-
tions of measured variables: (a) cell rotation angle,
(b) interfacial deflection, and (c) actin tilt.
TABLE 1 Model parameters and estimated range of values
used
Parameter Symbol Range of values Real units
Simulation box width L 1 40 mma
Cutoff radius lc 0.05 2 mm
Actomyosin disengagement
length
ld 0.1 4 mm
Equilibrium length (membrane
particles)
lm 0.0092 0.368 mm
Actomyosin force ka 0.1–1  104 0.01–0.1 nNb
Conservative force kc 0.001 1 nN
Dissipation constant kd 0.01–1 0.38–38 kg/s
Membrane tension km 0.01–1 10–1000 nN
Timestep Dt 0.01 0.02 sc
Footnoted parameters are matched to real values.
aLength-scale is referenced to 40 mm based on experimental micropatterned
islands (30–50 mm (17)).
bForce-scale is referenced to actomyosin force constant based on stalled
actin force density (0–0.1 nN/mm (35)).
cTimescale is set at 0.02 s per time step, which translates to ~6 h of real time
after 1,000,000 time steps.
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50 mm (17)) and the force-scale is referenced to actomyosin
force constant based on stalled actin force density
(0–0.1 nN/mm (35)). The time reference is set at 0.02 s
per time step, which translates to ~6 h of real time at the
end of each simulation run (1,000,000 time steps).
The cutoff distance lc represents particle interaction
radius, so its selection criteria is that there should be at least
one other particle within its radius at all times, but not so
many as to be computationally expensive. A value of 0.05
(or 5% of the box width) was selected based on the initial
particle density. The actomyosin disengagement distance ld
is chosen to be twice that of the selected cutoff radius, so
that the disengaged particle may no longer interact with pre-
viously linked membrane particle, with sufficient space to
allow a new particle to come in and form new actin-mem-
brane links. The membrane equilibrium length lm is obtained
by dividing the circumference of the cell by the minimum
number of membrane particles to reliably separate and
compartmentalize the cellular contents from the external
environment, so that the two phases do not interpenetrate.
The force constants (kc, kd, km) are parameters that define
the dynamics of particle motion. The conservative force
constant kc is set to 0.01 such that particles repel each other
sufficiently, but not so large that particles accelerate to high
speeds spontaneously. The interplay between other force
constants is explored via a range of working values in this
study.RESULTS AND DISCUSSION
Correlated actomyosin forcing generates cluster
rotation and deformation
Fig. 3 shows how actomyosin forcing leads to cell cluster
rotation and interfacial deformation. The dissipation con-stant (kd) and the membrane tension (km) have been fixed
at 0.1 and 1.0, respectively. Under weak forcing (ka ¼
2  105), there is no significant rotation of the cell cluster
(note the position of a fixed membrane marker point shown
as a black square). Nevertheless, the cell-cell interface
spontaneously breaks symmetry in a direction depending
on the initial setup, and bends into a sigmoidal curve, which
fluctuates in time. With increased forcing (ka ¼ 4  105),
the cell cluster starts to rotate persistently, in a direction that
directly correlates with the sigmoidal shape of the interface:
an S-shape with clockwise rotation and reflected image with
anticlockwise rotation. This correlation between rotational
direction and interfacial shape is consistently valid in all
simulated cases, in agreement with experimental accounts
(16,17). However, further increase in forcing (ka ¼ 6 
105) results in the loss of both the rotational behavior
and the sigmoidal shape of the cell-cell interface. Taken
together, these results show that cluster rotation and inter-
face deformation occurs only within an intermediate range
of actomyosin forcing.
To characterize cluster rotation and angular velocity, we
track the angle q made by the marker particle with the
horizontal axis about the cell centroid in time (initial angle
is zero), and normalized by p (see Fig. 2 a). Fig. 4 a shows
that cluster rotation occurs only under moderate forcing
(middle panel), at a constant rotation speed of ~6 revolu-
tions per 1,000,000 time steps, measured by taking the
gradient of the angle-time plot. Based on the selected time-
scale of 0.02 s per time step, the real rotation speed is ~1.08
revolutions/h, or 6.5/min. The experimentally measured
rotation speed ranges between 3 and 6/min, suggesting
that the selected timescale is reasonable.
To characterize the bending of the cell-cell interface and
its extent of deformation, we measure the maximum
shortest distance between a divider membrane point and a
straight line drawn between the junction ends of the cell-
cell divider (see Fig. 2 b). This deflection distance is
normalized by half the length of the divider line and plotted
with time (Fig. 4 b). Now we take the mean of the inter-
facial deflection, sampled at intervals of 10,000 time steps
throughout the final half of simulation time. Under weak
and moderate forcing, the mean interfacial deflections are
0.17 (top panel) and 0.20 (middle panel), respectively,
with standard deviations of <20%. These values are almost
twice that of the strong forcing case (bottom panel), again
showing that interfacial deformation is diminished by
excessive actomyosin forcing.
We now ask the question of how the forces applied by
actin links can lead to cluster rotation and interface
deformation. To explain this, we first calculate the angle
qa made by an actin link and the tangent at the membrane
particle, and normalized by p (see Fig. 2 c). Now we define
the mean actin tilt as the angle time averaged over the final
half of simulation time sampled at intervals of 10,000 time
steps and binned into histograms (Fig. 4 c).Biophysical Journal 105(10) 2301–2311
FIGURE 3 Effect of actomyosin force constant (ka) on cell cluster rotation and morphology (kd ¼ 0.1, km ¼ 1.0). (Violet lines) Actin links. (Black square)
Position of a fixed marker point on the cell membrane (see Movie S1, Movie S2, and Movie S3 in the Supporting Material). To see this figure in color, go
online.
2306 LeongUnder weak forcing (top panel), the actin tilt distribution
is observed to be broad and nearly symmetrical about zero,
with a mean tilt angle of 0.04 and an absolute skew of 0.22.
With increased forcing (middle panel), the tilt distribution is
single-peaked and highly asymmetrical, with a mean of 0.16Biophysical Journal 105(10) 2301–2311and an absolute skew of 0.87. This means that the angles of
the actin links are correlated and they tilt predominantly in
one direction. As a result, the polymerization force pro-
duced by tilted actin links carries a nontrivial tangential
component relative to the membrane, which in turnFIGURE 4 Quantitative plots showing the effect
of actomyosin force constant (ka) on (a) the
angular changes of the cluster in time, (b) the
deflection of the cell-cell interface in time, and
(c) the distribution of tilting angles made by actin
links and the surface tangent. To see this figure
in color, go online.
Cell-Cell Rotation and Morphology 2307contributes to the production of a rotational torque. Experi-
mental evidence of actin filaments aligning predominantly
in a certain direction can be found in fluorescent imaging
using GFP-actin (see, for example, Small and Resch (37)).
Lastly, under strong forcing (top panel), the tilt distribution
becomes double-peaked and symmetrical, with negligibly
small mean and skew. In this case, the predominant tilt
angles in both cells are in opposite directions (see Fig. 3),
so the torque contributions from both sides of the interface
cancel out.
Together, these results suggest that both the rotational and
morphological phenomena originate from the same torque
produced by correlated actomyosin forcing.Dissipation aligns actomyosin vectors and
dampens rotation simultaneously
The dissipation force has two main competing effects on the
actomyosin forcing: the enabling effect of aligning the tilts
of actin links necessary for the net production of torque,
against the disabling effect of dissipating and diminishing
the torque produced. To illustrate this, we vary the strengths
of actomyosin forcing and dissipation and compare the
resultant cluster morphology as shown in Fig. 5. We found
the cluster behavior to depend weakly on the dissipation
constant compared to the actomyosin forcing. At high ratiosFIGURE 5 Snapshots taken at final timestep (106) shows stabilizing effect of
cortical tension constant (km ¼ 1.0). High forcing/dissipation strengths lead to pa
shaded). To see this figure in color, go online.of forcing/dissipation, the particles show a high degree of
disorder (shaded images in Fig. 5), reminiscent of high
thermal fluctuations in molecular simulations, leading to
fluctuating cell-cell interfaces that do not persistently cor-
respond to any ordered shapes. In contrast, at low ratios of
forcing to dissipation, the particles show a high degree of
order, with aligned tilted actin links along the cell mem-
brane, and smooth sigmoidal cell-cell interfaces.
To characterize these states, we conduct independent sim-
ulations using 63 different combinations of forcing and
dissipation parameters. Fig. 6 a shows a color map of the
mean interfacial deflection, with dissipation on log scale
and forcing on linear scale. By inspection, ordered and
disordered phase regimes can be mapped out on a dashed
transition curve. For strong dissipation (top half of Fig. 6
a), there is no disordered phase within the range of values
investigated. For weak dissipation (lower half of Fig. 6 a),
the transition criterion between ordered and disordered
phases depends on the ratio between forcing and dissipation
(note the positively sloped transition line).
We extend the same analysis to the angular frequency of
rotation (see Fig. 6 b), defined here as the ratio of the num-
ber of revolutions made (with partial revolutions referenced
to initial angle zero) and the time taken (each time step
0.01), neglecting fluctuating angular changes. Fig. 6 b re-
veals an additional phase transition within the ordereddissipation force (kd) on cell cluster against actomyosin forcing (ka) holding
rticle disorder and loss of sigmoidal shape at cell-cell interface (images are
Biophysical Journal 105(10) 2301–2311
FIGURE 6 Color plots showing dependence of
interfacial deflection (a) and cluster rotational fre-
quency (b) on dissipation (log-scale) and forcing
(linear) parameters. Transition trends between
ordered and disordered phases are similar, but
deflection and rotation responds differently to forc-
ing and dissipation.
2308 Leongphase, specifically, between irrotational and rotational
phases as indicated by a dotted curve in Fig. 6 b. Within
the irrotational phase, angular perturbations are damped
out rapidly by dissipation so the cell cluster appears station-
ary. Within the rotational phase, the cell cluster rotates at a
constant speed depending on the relative strengths between
forcing and dissipation effects.
Taken together, these results show that the ordered-disor-
dered phase transition directly depends on a single set of
forcing and dissipation parameters. However, rotation and
deflection phenomena could not be explained in the same
way, even though the necessary torque originates from the
same correlated tilt in actomyosin force vectors. The differ-FIGURE 7 Snapshots taken at final timestep (106) shows the effect of cortical
1.0). Weak cortical tension leads to large deformations of cluster boundaries an
Biophysical Journal 105(10) 2301–2311ence is that the deflection of the interface depends on the
bending rigidity of the cell-cell interface, whereas the clus-
ter rotation depends on the resistance posed by the cell envi-
ronment. In this study, both interfacial and environmental
resistances are related to cell rigidity and modeled as
cortical tension, which we shall examine next.Cortical tension affects interfacial deformation
more than cluster rotation
To see how cluster behavior depends on its cortical tension,
we vary the cortical tension parameter while holding the
dissipation constant at 1.0. Fig. 7 shows that with decreasingtension (km) on cell cluster morphology, holding dissipation constant (kd ¼
d cell-cell interfaces. To see this figure in color, go online.
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deformed, along with a pronounced sigmoidal cell-cell
interface. We relate this to softer cells with large variability
in shapes, as compared to stiffer cells that tend to be more
rounded with defined outlines. Surprisingly, an increased
actomyosin forcing does not lead to significant difference
in cluster morphology. In addition, actomyosin forcing is
correlated to interfacial deformation only at low values,
where the stress is necessary to overcome the rigidity of
the interface (compare ka ¼ 2  105 and ka ¼ 4  105).
The physical constraint imposed by the boundary of the
simulation box is analogous to the actual one imposed by
the micropatterned substrate used in the experiments (15):
the adhered cell could not extend itself beyond the edges
of the pattern, but it is allowed to translate along it. In this
model, the boundary of the wall exerts a dissipative effect
on the moving membrane particles nearby and tends to slow
it down (because the wall particles are completely static).
(Incidentally, this feature is realistic because an adhered cell
also experiences similar resistance to sliding mobility along
its peripheral edges, due to larger numbers of adhesion pro-
teins and focal adhesions there compared to the cell center.)
Fig. 8 a shows that interfacial deformation depends
strongly on cortical tension, but weakly on actomyosin forc-
ing. If we relate the cell-cell interface to that of a thin beam
pinned on both ends, increasing stress applied on the inter-
face (beam) would result in increasing deflection magni-
tudes (for small deflections). In this case, however, the
deflection saturates at a certain threshold value, depending
on the cortical tension. This threshold is ~0.2 for cortical
tension km ¼ 1. Further increase in actomyosin forcing
does not lead to an increase in deflection above the indicated
threshold deflection.
In contrast, Fig. 8 b shows that the cluster rotation
depends strongly on actomyosin forcing, but weakly on
cortical tension. A minimum threshold forcing is necessary
to overcome the interaction forces at the boundaries before
the cluster starts to rotate. These boundary forces, both con-
servative and dissipative, represent the adhesion of the cells
to the substrate and pose a form of resistance to cell
mobility. The rotational frequency increases with increasing
forcing, until correlation is lost (disordered). In a con-strained environment, the rotational resistance due to
cortical tension is comparatively weak, so cortical tension
plays only a minor role in cluster rotation. Nevertheless,
under small values of cortical tension, it is shown that stron-
ger forcing is necessary to initiate rotation (Fig. 8 b). This
can be explained by the increased dissipation rates at higher
deformability and loss of correlation between actin links
attached to points on the cell membrane.CONCLUSION
Despite the qualitative nature of the particle-based model,
much physical insights can be gained on the rotational and
morphological behavior of a constrained cell-cell cluster.
Based on a single actomyosin-forcing mechanism, the
model has successfully reproduced both the persistent
steady rotation of a cell-cell cluster and the associated
sigmoidal bending of the cell-cell interface, with minimal
complexity. In addition, the modeled cell cluster consis-
tently showed the correct rotational direction with respect
to the bending of the interface, in agreement to experimental
observations (see Huang et al. (17)). This, in turn, corrobo-
rates the earlier hypothesis that rotational and morpholog-
ical phenomena are in fact coupled by an intracellular
torque of common source (actomyosin forcing).
By extension, we can relate the same physical description
qualitatively to certain rotational cellular systems as previ-
ously reviewed in Rørth (3), and perhaps explain why
certain behavior is not observed in others: unlike endothelial
cells, fibroblasts are observed to conform strictly to an
imposed shape of the adhesive island (square-shaped ones
were used in Brangwynne et al. (16)), without any rotation
and bending of the cell-cell interface. The actomyosin forc-
ing strength of fibroblasts may be too weak or too strong for
rotation and interfacial deformation. Furthermore, a high
cortical tension could also explain the impedance of the
above phenomena.
In an earlier study, epithelial cell clusters plated on glass
(without micropatterning) rotate as a collective but the cell-
cell interfaces are not sigmoidal in shape (21). This apparent
exception could be explained by the relatively short interfa-
cial widths observed between these cells—less than half ofFIGURE 8 Color plots showing dependence of
interfacial deflection (a) and cluster rotational
frequency (b) on cortical tension (log-scale) and
forcing (linear) parameters. Deflection depends
mainly on cortical tension and rotation on actomy-
osin forcing.
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interfacial widths found between endothelial cells plated
on micropatterned substrates (17). The short interfacial
width suggests that the cell-cell adhesion is relatively
weak compared to the cortical tension. Mechanically,
larger stresses are required to deform rigid membranes
across short lengths (deflection magnitudes are normalized
against the interfacial width) and hence minor deflec-
tions along the lengths could be imperceptible in the micro-
graphs (21).
In collective cell migration, cells tend to move cohesively
as tightly associated cohorts, which can loosely be grouped
as clusters or aggregates. Due to the complexity in the inter-
actions between multiple cells, it is difficult to draw direct
comparison and inference with this model. Nevertheless,
one can still see clear evidence of a sigmoidal cell-cell
interface within a rotational cluster in isolated reports
(19), suggesting that similar physics apply to groups of cells
migrating in three dimensions.
A major biological implication of this study is that the
interaction of physical intracellular stresses between
coupled cells or even collective groups of cells could lead
to migratory and morphological phenomena unobserved in
solitary cells. This is especially true for the directional
migration of cohesive cell clusters, where intracellular
stresses do not manifest locally on a cellular level but
contribute toward the collective bulk motion of the entire
cluster (3).
In a recent study on the rotation of the nucleus (12), a
question was raised as to why nuclei are not universally
observed to rotate in cells under normal conditions, because
actomyosin actively produces intracellular rotational flows.
To that, it was proposed that changes in cell shapes could
disrupt the coherence of the cytoplasmic flow. The corollary
is that whole cells should also rotate universally under
normal conditions.except they do not. Apart from changes
in cell shape, differential adhesion (either to substrate or to
neighboring cells) could also affect the transmission of the
torque leading to cell rotation. More work is required to
fully elucidate the exact mechanism as to how rotational
motion is generated, sustained, and regulated by cell
clusters.SUPPORTING MATERIAL
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